We compared the antimicrobial efficacy of EDTA and 0.5% peracetic acid (PAA), with manual agitation (MA) or passive ultrasonic irrigation (PUI) in an Enterococcus faecalis biofilm model. Fifty-five single-rooted human premolar teeth were chemo-mechanically prepared and inoculated with E. faecalis for biofilm formation. These were divided into five groups (n = 11): saline solution, PAA+MA, PAA+PUI, EDTA+MA and EDTA+PUI. Root canal sampling and scanning electron microscopy of the canal lumen and dentinal tubule areas at the different root thirds were performed. The images were ranked based on contamination level. Only the PAA groups presented with no bacterial growth, with the remaining groups not presenting significant differences among them. PAA+PUI presented with the highest median position rankings in every third and location, whereas EDTA+MA performed similarly to the saline control. No differences were found when comparing MA and PUI within the same solution, however, PUI was associated with lower contamination levels mean rankings.
Introduction
In the absence of high-level evidence regarding root canal irrigation regimes, the use of solutions for this purpose varies widely among dentists and specialists (1) (2) (3) . However, the use of chelating agents in association with sodium hypochlorite (NaOCl), and in particular ethylenediamine tetraacetic acid (EDTA), is common among practitioners aiming to remove the smear layer. In fact, EDTA is able to remove the inorganic component of the smear layer (4) and has a limited biocidal ability, as previously reviewed (5) .
An alternative decalcifying agent, peracetic acid (PAA), has previously proven to have antimicrobial (6) (7) (8) and smear layer dissolution actions (9, 10) , alone or in association with NaOCl. Conversely, it does not present with a soft tissue dissolution capacity per se (11) . To the best of our knowledge, a 0.5% PAA concentration has been tested for smear layer dissolution (9), but not for antimicrobial efficacy. Considering that lower PAA concentrations have purportedly less caustic effects on the mucosa and potential for dentine erosion (9) , it is reasonable to assess the antimicrobial effect of such concentration.
Penetration of solutions is enhanced by passive ultrasonic agitation (PUI), as suggested by several ex vivo studies in root canal systems with restricted flow through the apical foramen (1, (12) (13) (14) (15) . A final rinse of EDTA with PUI has been associated clinically with a higher per cent of negative cultures, when compared with saline (16) . No previous study has assessed the effect of agitation on the antimicrobial efficacy of PAA.
Therefore, the aim of this ex vivo study was to assess the antimicrobial efficacy of EDTA and 0.5% PAA, with manual agitation or PUI. The null hypothesis tested was that there are no differences in antimicrobial efficacy between EDTA and 0.5% PAA, with manual agitation or PUI.
Materials and methods
The present study was conducted in full accordance with ethical principles, including the World Medical Association of Helsinki (version VI, 2002) , and the additional requirements of Brazilian law. Furthermore, the Scientific and Ethics Commission of the Dentistry Faculty of the Pontifical Catholic University of Rio Grande do Sul, Porto Alegre, Rio Grande do Sul, Brazil (PUCRS), approved this study (Protocol 10/05054).
Sample size estimation was conducted a priori by G*Power 3.1.9.2 (17), assuming that a standardised effect size of 0.4 should be detected by a repeated-measures ANOVA at 80% power and with a two-tailed probability of alpha-type error of 0.05. A sample size of 10 specimens was estimated and finally, 11 teeth were selected for each group of this study.
Tooth selection and preparation
Fifty-five recently extracted mandibular premolar singlerooted teeth with a single straight root canal and confirmed radiographically as not having been previously root treated were included. The teeth were assessed under 109 microscope magnification, to exclude those with areas of resorption and longitudinal root fractures. The included teeth were stored in a 0.2% thymol solution at 6 AE 2°C, and were used within 2 weeks of extraction.
Specimen root lengths were standardised to 15 mm by removing the coronal aspect of the teeth using a 0.1 mm thick double-sided diamond disc (KG Sorensen Ind ustria e Com ercio Ltda., Barueri, SP, Brazil) with a laboratory handpiece. A longitudinal groove was created under magnification on the buccal and lingual surfaces of the roots using a diamond disc, with the longitudinal groove not extending to the root canal.
The root canals were prepared to a working length (WL) of 14 mm to a master apical file size of 35 and 1 mm increment step-back technique through size 70, using stainless steel K-type hand files (Dentsply-Maillefer, Petr opolis, RJ, Brazil). All canals were irrigated with 1 mL 2% NaOCl (VirexPlus 2%; Johnson Diversey Brasil Ltda, São Paulo, SP, Brazil) between instrumentation for 30 s. A preparation of 3 mL 17% EDTA (Biodinâmica, Ibiporã, PR, Brazil) was delivered and left 'soaking' for 5 min followed by a final rinse comprising 5 mL of sterile saline solution (Aster, Sorocaba, SP, Brazil) for 20 s. Solutions were delivered 2 mm short from the working length (WL-2), with a 27 gauge side-vented needle NaviTip 29G (Ultradent, South Jordan, UT, USA).
Each root was fixed in the cover of a 1.5 mL plastic microtube (Genuine Axygen Quality, Union City, CA, USA), taking care to fix them upright with the cervical portion facing upward at the cap. A perforation was made in the cap of the microtube for exchange of the culture medium.
The specimens (n = 11) were randomly assigned to a group using a computer algorithm program (http://rand om.org), and each group was placed in a polypropylene box (Heathrow Scientific, Vernon Hills, IL, USA). The samples were sterilised at a temperature of 143°C with a pressure of 157 kPa in an autoclave for 25 min.
Control of sterilisation
One tooth from each group was subjected to the sterilisation control as described by Gr€ undling et al. 2011 (18) : after sterilisation of each polypropylene box, a sterile paper point (Dentsply-Maillefer) was placed inside the root canal of one randomly selected tooth per box, and this point was immediately inserted in a tube containing 0.9% sterile saline solution. The material was vortexed, and an aliquot of 100 mL was spread on blood agar in duplicate, and incubated for 18-24 h at 37°C. No growth occurred in the controls. The teeth used to perform the sterilisation control were discarded. Thus, 10 specimens remained per group.
Enterococcus faecalis cultivation and contamination
Enterococcus faecalis ATCC 19433 was cultured in Brain Heart Infusion (BHI) broth for 18-24 h at 37°C. All experiments involving bacteria were performed in the Laboratory of Immunology and Microbiology of the Faculty of Biosciences of PUCRS.
The cell concentration of the inoculum was determined by serial 10-fold dilutions up to 10 À8 , followed by plating of 100 lL of each dilution on blood agar with a Drigalski handle, and subsequent incubation at 37°C for 24 h. The root canals were inoculated with 100 lL containing 10 6 colony-forming units (CFU) of the E. faecalis overnight culture. The microtubes were then completely filled with sterile BHI. The boxes with the contaminated teeth were incubated for 26 days at 37°C for biofilm formation, with the BHI renewed every 2 days. To reduce the risk of contamination, manipulation of the samples was performed in a laminar flow chamber. Every 7 days, an aliquot of BHI from the teeth was evaluated by Gram staining and culture on blood agar followed by catalase and esculin tests to verify the absence of contamination,
Irrigation assays
After the incubation period, the roots were removed from the microtubes and mounted on a base of utility wax (Wilson Polidental, Cotia, SP, Brazil) to prevent apical extrusion of the test solutions. Each group received treatment as follows: Saline with manual agitation, each root canal received 2 mL sterile saline solution (Equiplex, Aparecida de Goiânia, GO, Brazil), left to soak for 1 min, and activated manually for 15 s; 10 'up and down movements' of 2-3 mm to reach WL-1, avoiding contact with the root canal walls, were performed. EDTA with manual agitation, each root canal received 2 mL of 17% EDTA (Amplo Espectro, Porto Alegre, RS, Brazil), left to soak for 1 min and activated manually as described above. EDTA with PUI, each root canal received 2 mL of 17% EDTA (Amplo Espectro, Porto Alegre, RS, Brazil), left to soak for 1 min and ultrasonically activated for 15 s. Contact with the root canal was avoided, while the tip of the files used for activation was placed at WL-1. PAA with manual agitation, each root canal received 2 mL of 0.5% PAA (Calêndula Pharmacy, Porto Alegre, RS, Brazil), left to soak for 1 min and activated manually as described above. PAA with PUI, the root canal received 2 mL of 0.5% PAA (Calêndula Pharmacy, Porto Alegre, RS, Brazil), left to soak for 1 min and ultrasonically activated as described above. #15 K-files were used for the manual activation (Dentsply-Maillefer). The ultrasonic activation was performed with a #15 ultrasonic files (Mani Inc., Utsunomiya Tochigi, Japan) mounted on an ultrasonic unit (D700 Dabi Atlante, Ribeirão Preto, SP, Brazil). All of the procedures described above were performed in a laminar flow chamber. Solutions were delivered at WL-2 with a needle as previously described for all groups prior to agitation.
Root canal sampling analysis
Following the irrigation assays, all samples received a final flush with 2 mL of saline to remove the test solutions. The saline solution remaining in the root canal was then hand agitated with a new sterile file, as described above. Following this, 5 lL of the canal contents were collected using an ultra-fine syringe needles (BD Medical, Curitiba, PR, Brazil) and added to 45 lL of saline solution. Serial 10-fold dilutions were performed up to 10 À4 , followed by plating of three 15 lL drops of each dilution on blood agar and a 24 h incubation at 37°C. CFU mL
À1
were counted following incubation.
Scanning electron microscopy analysis
Preparation for scanning electron microscopy (SEM), evaluation, image acquisition and processing were carried out as described by Gr€ undling et al. (18) . The evaluation was made utilising a scanning electron microscope (XL 30; Philips, Eindhoven, Netherlands) with magnification ranging from 91000 to 910000, dividing the root into thirds. The acquisitions were made at 95000 and the images were classified by rank, based on contamination level found, in each third (coronal, middle and apical) and location of the canal (wall or exposed dentinal tubule area) by two examiners independently. Number 1 was the most contaminated and number 50 the least contaminated. Then, for each third and for each image location, the average position for the group was calculated. Interand intra-observer agreement was determined by using the Cohen Kappa coefficient by using IBM SPSS Statistics, version 23 software (IBM Corp, Armonk, NY, USA). Kappa values ≤0.2 were considered poor agreement; 0.21-0.40 fair; 0.41-0.60 moderate; 0.61-0.80 good and 0.81-1.00 very good (19) .
Data analysis
The CFU mL À1 data were logarithmically transformed and analysed for statistical variance using the ANOVA oneway test, followed by the Tukey post hoc procedure. To compare the SEM analyses, ANOVA on ranks and Dunn 0 s multiple comparison tests were employed on each third (cervical, middle and apical) by location (canal lumen and dentinal tubule areas). The level of significance was set to P < 0.05. Data were analysed using SPSS software (21.0 version, IBM Corp, Somers, NY, USA).
Results
Root canal sampling analysis of the PAA groups was consistently associated with no growth, while no significant differences regarding CFU mL À1 were found for the EDTA groups when compared with the saline control (P = 0.708). The mean CFU mL À1 9 10 6 (SD) were as follows: saline manual agitation 9.83 (AE6.76); 17% EDTA with manual agitation 9.93 (AE2.86); 17% EDTA with PUI 8.07 (AE5.06) ( Table 1 ). Significant differences were found when comparing PAA groups against the saline control and EDTA groups (P < 0.001).
For the SEM analysis, intra-and inter-observer Kappa coefficients calculated were 0.85 and 0.81 respectively. The median position ranks for the SEM analysis are presented in Figure 1 . PAA with PUI presented the highest median position rankings in every third and canal location. When assessing the canal walls, no significant differences were found when comparing saline control vs. 17% EDTA manual agitation or either PAA group vs. 17% EDTA with PUI. No significant differences were found when comparing the agitation techniques for 17% EDTA or PAA. SEM analysis of the exposed dentinal tubule areas demonstrated no significant differences when comparing saline solution with EDTA groups, as well as when comparing PAA groups among them. No significant differences were found when comparing EDTA groups with PAA with manual agitation. Significant differences were found when comparing PAA with PUI vs. EDTA groups and saline control. Representative images for lower median position ranks from each group, for the different thirds and locations, are presented in Figures 2 and 3 .
Discussion
The 0.5% PPA solution tested had an overall better antimicrobial efficacy compared with 17% EDTA. In fact, PAA was associated with no growth following intra-canal sampling, and the first null hypothesis tested was rejected. When assessing the root canal walls, PUI agitation of 17% EDTA was associated with similar antimicrobial compared to the PAA groups. However, in the exposed dentinal tubules area, PAA with PUI had a higher antimicrobial efficacy when compared to the EDTA groups. PUI increased antimicrobial efficacy for both solutions, however, no significant differences were found for either. Therefore, the second null hypothesis was accepted.
Enterococcus faecalis biofilm ex vivo root canal models are commonly used to assess the antimicrobial efficacy of biocides (20) . Our study set-up used confirmed the limitations of root canal sampling using paper points, considering that residual root canal infection was demonstrated using SEM analysis on the root canal wall and the exposed dentinal tubule areas, even in the absence of bacterial growth for the PAA groups. This is in agreement with a study using root canal sampling, which found no growth immediately after irrigation with 1% PAA but positive cultures 7 days later (8) . This can be explained by recolonisation of the canal by bacteria remaining in less accessible areas. As previously demonstrated, E. faecalis may enter in a viable but not culturable state under adverse conditions, surviving after the root canal treatments employed in this study (21) . A limitation of the present study is that in the absence of chemo-mechanical preparation the irrigant solution needs to eliminate a larger biomass when compared to routine clinical conditions. Furthermore, EDTA is not recommended to be used in isolation, but in association with NaOCl, which has a broad biocidal efficacy (5) . We anticipate that PAA should also be used in combination with NaOCl, considering that only the latter has the ability to dissolve the inorganic compounds forming the smear layer (5). Thus, we aimed to test the most commonly used chelating agent (EDTA) against 0.5% PAA. Considering that the removal of smear layer may expose bacteria and/or biofilms by opening dentinal tubuli, chelating agents should ideally present with biocidal activity. This will be of particular relevance if the chelating agent is used as the 'final rinse'.
The SEM analysis used the methodology of a previously published study (18) . It is worth noting that sample preparation and imaging were carried out by a research assistant, who was blinded to group allocation. Furthermore, observer reliability assessment indicated a very good agreement. Additionally, SEM allows for visualisation of bacterial numbers and distribution on root canal surfaces, but does not provide information of cell viability. Therefore, CFU and SEM analyses were used concomitantly in this study. The present study confirmed concerns from previous studies using higher concentrations of PAA to examine antimicrobial efficacy ex vivo alone (7, 8, 22) or in association with NaOCl (6) . A previously published clinical study suggested adequate antimicrobial efficacy for concentrations of 0.2 and 0.4% PAA in root canal disinfection, however, the protocols used for the study were dissimilar to current best available evidence (23) . Future studies should assess the use of lower concentrations of PAA in association with NaOCl for antimicrobial effects during root canal treatment with PUI, however, a 1% PAA solution has been shown to have similar antimicrobial effectiveness when compared with 2.5% NaOCl with EDTA (7). The use of acidic solutions, such as PAA, in combination with NaOCl has been previously suggested, in order to enhance their antimicrobial efficacy 8, 24) . It is worth noting that the final pH of the mixture will depend upon the original pH of the solutions, the mixture ratio, buffering effect of the dentine, as well as the presence of seepage of interstitial fluid or blood (25) .
The use of PUI was associated with lower levels of contamination in this study, however, no significant differences were found when comparing the agitation techniques. Thus, although penetration of solutions into dentinal tubules is enhanced by PUI (14) , no enhancement of the antimicrobial efficacy occurred in our experimental set-up. This is in agreement with a previous study which showed that the main role in bacterial elimination is played by the solution, and secondarily by means of agitation (18) . It is also important to emphasise that the flow through the apical foramen was restricted in order to better simulate fluid flow in clinical conditions (26) .
In this ex vivo E. faecalis biofilm model, a 0.5% PAA solution was associated with higher antimicrobial efficacy compared to 17% EDTA. The PUI enhanced this ability for both solutions, however, no significant differences were found when comparing PUI with manual agitation.
